In this paper, the level of exposure to broadband radiofrequency electromagnetic field in a mid-size European city was evaluated in accordance with the International Commission on Non-ionizing Radiation Protection guidelines from 1998. With the aim to analyse all the potential electromagnetic waves present in the city up to 18 GHz, a total of 271 locations distributed along Terrassa (Spain) have been measured. To show the results in an easy-to-interpret way by the citizen, the results have been represented in a set of raster maps. The measurement results obtained showed that the electromagnetic wave measured in all broadband frequency range along the city is much lower than the safety level according to the international regulations for both public and occupational sectors.
Introduction
Nowadays, due to the progress of wireless technologies, the industrialized countries population is exposed to a complex mix of electric and magnetic fields on a broadband frequency range due to manmade sources. Public concern over the potential health effects from radiofrequency electromagnetic fields (RF-EMF) due to the current environmental electromagnetic radiation is a major issue in our society. RF-EMF main sources e.g. radar, radio and TV broadcast facilities, mobile phones and their base stations, induction heaters and anti-theft devices. At RF the fields penetrate a short distance into the human body and the tissues absorb their energy, rising the cell's temperature. Therefore, research efforts are being carried out in order to determine potential adverse health effects in the long-term even for low-level RF exposure (World Health Organization, 2002) . Anyway, it is mandatory to reduce the electric and magnetic field magnitude as much as possible to minimize potential health hazard and, simultaneously, to preserve the current and future services and wireless applications (Spanish Government, 2001) . With regard to the RF-EMF exposure regulation, most of the European countries, fix the exposure limits of their national standards on the guidelines set by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) from 0 to 300 GHz (ICNIRP, 1998) . Others have preferred to impose more restrictive limits by following a precautionary approach in terms of electric or magnetic field magnitude (Mazar, 2016) . In any case, in order to protect the population against harmful effects from electromagnetic exposure, the regulation frame determines to minimize the electromagnetic exposure level of the general public and to comply with the limit restrictions.
Several research works have been developed in order to characterize the impact of RF-EMF for the general public in real scenarios, considering the RF communication specific frequency bands. Those works include communication standards such as FM radio, TV-broadcast, GSM, DCS, DECT, UMTS and Wi-Fi, typically up to 3 GHz (Bolte and Eikelboom, 2012; Urbinello et al., 2014; Aerts et al., 2013) . Some others are extended up to 6 GHz, including WiMAX and ISM (Bhatt et al., 2016) . Moreover, some researchers have been focused on specific population segments such as children or adolescents (Guxens et al., 2016; Calvente et al., 2015; Ibrani et al., 2014; Roser et al., 2016) and occupational sectors (IEEE Standard for Military Workplaces, 2014; Fuentes et al., 2008; Barbilori et al., 2011) . Those works, usually consider on-body calibrated exposimeters and they take into account the different uplink and downlink narrow frequency bands and determine the total electric field exposure by means of the sum of all the peak field values obtained. In fact, according to the World Health Organization, due to the ubiquitous source of RF radiation the percentage of all people being exposed to RF electromagnetic radiation is rapidly approaching the percentage exposed to polluted air (Lin, 2016) and therefore, more research must be devoted to this crucial issue. In addition, it is necessary to extend the RF-EMF exposure assessment to broadband frequency measurements including fields beyond 6 GHz. This fact will be mandatory in the future because of the deployment of new wireless standards such as the fifth-generation mobile communication systems (5G) (Colombi et al., 2015; Zhao et al., 2015) . Moreover, it is fundamental to locate the main transmitting antennas distributed across the electromagnetic areas under study and assess their field regions and boundaries (Vallauri et al., 2015) .
To the best knowledge of the authors, this paper expands, for the first time, the characterization of the level of exposure to time-varying electric fields from 6 GHz up to 18 GHz for the general public in a midsize city real environment. The measurement scenario corresponds to Terrassa (Spain), a more than 200.000 population city located in the Barcelona metropolitan area. The electric field measurements have been carried out by means of an electromagnetic field meter and a broadband isotropic probe (300 kHz-18 GHz) to assess the radioelectric environment and all the main potential RF sources, according to the ICNIRP guidelines. In addition, those measurements are independent on the individual, avoiding the need of using an exposimeter and the uncertainty of the body impact on the test. The districts of the city have been homogeneously meshed with a specific refinement measurement for the transmitting base station antenna areas. The proposed measurement technique was successfully used by the authors in an indoor measurement scenario for general public RF-EMF exposure at the UPC Terrassa Campus (Gil and Fernández-García, 2016) . The aim of the work is to obtain a realistic broadband frequency electromagnetic radiation map of the city up to 18 GHz and to check compliance with international personal RF-EMF exposure guidelines.
The remainder of the paper is organised as follows. Section 2 describes the material and methods including the definition of the population area, test instrumentation and measurement procedure in accordance with the ICNIRP guidelines. In Section 3 the electric field experimental results in the city districts are shown and discussed. Finally, in Section 4 the main conclusions are drawn. R. Fernández-García, I. Gil Environmental Research 158 (2017) 768-772 2. Material and methods
Study and population area
The area under evaluation is the district 1 of Terrassa (Spain), an urban area of 2.25 km 2 comprising the city centre with a population of 35,277 inhabitants (Fig. 1) . The area comprises five neighborhoods; Plaça Catalunya -Escola Industrial, Universitari-Cementiri Vell, Centre, Vallparadís and Antic Poble de Sant Pere. In terms of facilities, this area contains 16 kindergartens, 14 primary schools, 7 secondary schools, 5 Baccalaureate schools and one University campus with about 5000 students, 400 employees and two student's residences. The area also includes one primary health care centre and one hospital with 385 bedrooms. Moreover, there are several shops, restaurants and other leisure spots. In fact, it is the main commercial area of the town. Due to these characteristics, apart from the people who live in this area, every day thousands commuters transit through it to go to study, to the hospital or shopping.
Inside the district 1 and in its surroundings, there are multiples radiofrequency transmitters, such as, frequency modulation (FM), digital audio broadcasting (DAB), digital terrestrial television (DTT), worldwide interoperability for microwave access (WiMAX), public and private Wi-Fi transmission, transmission on the industrial, scientific medic (ISM) bands, mobile phone base stations: Global system for mobile communication (GSM), Universal mobile Telecommunications System (UMTS) and fourth generation (4G), etc. The high concentration of wireless communications in the area, as well as the high density of population and services, has led us to use this area as representative sample to evaluate the electromagnetic waves in the city under test. 
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Measurement equipment and procedure
The electric field measurements have been carried out by means of the electromagnetic field meter Wavecontrol SMP2 and a WPF18 broadband isotropic probe to assess the radioelectric environment and all the potential hand-made radiofrequency sources. The probe has a broadband frequency range from 300 kHz to 18 GHz with a measurement range from 0.5 V/m to 250 V/m. The electromagnetic sensor is based on a diode technology and it presents a sensitivity of 0.5 V/m with a resolution lower than 5%, a dynamic range of 54 dB and a linearity of ± 0.5 dB. The measurement equipment has been calibrated according to the ISO 17025 standard. The equipment is able to cover all the potential non-ionizing electromagnetic emissions in the environment from 300 kHz to 18 GHz. This frequency broadband range, allows us to extend the previous works results beyond 6 GHz. The measurement procedure has been done by following the International Commission on Non-ionizing Radiation Protection (ICNIRP) guidelines. A total of 271 measurement locations distributed along the district 1 have been evaluated and tested. In each measurement location, the field values measured over 6 min without the presence of the technician are obtained. The sampling interval is 0.5 s, whereas a sliding average type is considered which correspond to 720 measurements for each measurement point. The measurement method has followed the Electronic Communications Committee recommendation ECC/REC/(02)04 (Electronic Communications Committee (ECC), 2003). The method starts with a quick overview broadband measurement at a height of 1.5 m above the ground. Since the measurement results are much more lower than the decision level i.e. 14 V/m ( 6 dB below of the reference level, i.e. 28 V/m) height spatial averages are not required and all the measurement have been performed at 1.5 m above the ground level, as the ECC/REC/(02)04 recommendation specifies (Fig. 2) . Fig. 3 shows the measurement points distributed over the city. A total for 271 measurements points were evaluated from September 2016 to December 2016 between 15:00 and 17:00 p.m. to use and equivalent time slot criteria.
In order to develop a non-ionizing electromagnetic map over the city, a Geographic Information system (GIS) and a Remote Sensing software namely MiraMon have been used (MiraMon software, 2017) . This software allows visualization, query, edition and analysis of raster (remote sensing images, orthophotos, digital terrain models, conventional thematic maps with raster structure, etc), vector (topographic and thematic maps that contain points, lines or polygons), and web map services (WMS) layers. Two types of maps were developed for each neighborhood: a raster map with the maximum electromagnetic emission detected in each measurement point and a raster map with the electric field averaged over 6 min. Fig. 4 and Fig. 5 show maximum and averaged measured electric field raster map according to the methodology detailed in Section 2, respectively. The greater part of the area under study presents an electric field value lower than 0.5 V/m in both cases. The maximum observed electric field corresponds to 4.28 V/m. Since the minimum reference level for general public exposure to time-varying electric field is 28 V/m for general public (Fig. 6) , the electromagnetic radiation along the city fulfil de RF-EMC regulations. Table 1 summarizes the measured electric field for each neighborhood and the percentage over the minimum reference level. On the one hand, the maximum electromagnetic field is measured in the Centre neighborhood with a 6 min average value of 3.39 V/m. It represents the 12.11% of the minimum reference level for public environments. On the other hand, the Antic Poble de Sant Pere is the neighborhood with the lower electromagnetic field tested level. This emission case achieves a 6 min average value lower than 0.5 V/m and it represents a value lower than 1.79% of the reference level. The remaining neighborhoods present an electromagnetic field between 9.93% and 7.54% of the maximum reference level. We can conclude that all the scenarios under analysis comply with the standard regulation with a good level of security margin (> 85% with regard to the reference level) even including sources up to 18 GHz.
Results and discussion
As it is shown in the results and discussion, despite of the huge number of electromagnetic systems present on nowadays cities, the electromagnetic field is much lower than the regulation reference levels up to 18 GHz. Due to this fact, a deep analysis to determine the main source of electromagnetic radiation is not currently required. However, when new telecommunication standards, such as 5 G, will be completely deployed, new measurements will be required in order to assess the potential increasing of the electromagnetic radiations.
Conclusions
In this paper, the electromagnetic fields of a mid-size European city have been characterized up to 18 GHz according to the ICNIRP guidelines from 1998. To clearly show the results and with the aim of increasing the understanding of the population with regard to the electromagnetic radiation impact in a real scenario, a set of maps, easy to interpret by the citizen, have been developed. These maps can be very useful for municipalities to show the electromagnetic field level to the citizen and to guarantee the security levels in terms of RF-EMF exposure. The measurements show that the electromagnetic fields, across a conventional mid-size European city, are much lower than the safety levels according to ICNIRP. However, it should be taken into account that this evaluation must always be reproduced and updated after the deployment of a new wireless standard, such as the future 5G mobile phone technology.
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